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The removal of disinfection byproducts and their precursors
was investigated using a combined ozonation-ultrafiltration
system. A commercial membrane was coated 20 or 40 times
with iron oxide nanoparticles (4-6 nm in diameter). With
this membrane, the concentration of dissolved organic carbon
was reduced by >85% and the concentrations of simulated
distribution system total trihalomethanes and simulated
distribution system halo acetic acids decreased by up to
90% and 85%, respectively. When the coated membrane was
used, the concentrations of aldehydes, ketones, and
ketoacids in the permeate were reduced by >50% as
compared to that obtained with the uncoated membranes.
Hydroxyl or other radicals produced at the iron oxide
coated membrane surface as a result of ozone decomposition
are believed to have enhanced the degradation of the
natural organic matter, thereby reducing the concentration
of disinfection byproducts. While increasing the number
of times the membrane was coated from 20 to 40 did not
significantly reduce the concentrations of most of the
parameters measured, it did result in a significant decrease
in the concentrations of ozonation byproducts. Increasing
the sintering temperature from 500 to 900 °C also resulted
in an improvement in the removal of the ozonation byproducts.

Introduction
The increased demand for drinking water has lead many
water utilities to use source water containing elevated levels
of natural organic matter (1, 2). This increasing demand,
combined with stricter government regulations, necessitates
improved drinking water treatment. The presence of natural
organic matter (NOM) in the source water is a cause of
concern to health professionals and environmental engineers
because the reaction of NOM with disinfectants, such as
chlorine, results in the formation of disinfection byproducts
(DBPs), such as trihalomethanes (THMs) and haloacetic acids
(HAAs). Because of their toxicity (3-5), the trihalomethanes
and haloacetic acids are regulated by the U. S. Environmental
Protection Agency (US EPA).

In the United States there is an increasing interest in the
application of both ozone and membrane filtration for DBP

and DBP precursor removal in order to meet the requirements
of the Surface Water Treatment Rule (SWTR), the Disinfectant
and Disinfectant Byproducts Rule (D/DBPR), and the Long
Term 1 Enhanced Surface Water Treatment rule (LT1ESWTR).
Several researchers have attempted to combine ozone with
polymeric membranes with limited success, in part because
the organic membranes, which are commonly used in water
and wastewater treatment applications, are prone to de-
struction by ozone (6-9). Hashino et al. (9) studied the use
of ozonation combined with an ozone resistant polyvi-
nylidenefluoride (PVDF) microfiltration membrane. They
found that ozone prevented foulants from adhering to the
membrane surface, thus decreasing membrane fouling.
However, high dissolved ozone concentrations (>1 mg/L)
were necessary to obtain high permeate fluxes and prevent
membrane fouling.

Ceramic membranes are ozone resistant, and when these
membranes are used in combination with ozone, stable
permeate fluxes can be achieved without membrane damage
(10-14). Kim and colleagues used ceramic membranes to
investigate the effect of ozone bubbling on flux recovery (10).
The results showed that intermittent ozonation effectively
maintained high permeate fluxes and prevented membrane
fouling caused by particle accumulation on the membrane
surface (10). Our earlier work demonstrated that stable fluxes
can be obtained with ozonation-ceramic membrane filtra-
tion. Ultrafiltration alone did not achieve the levels of
treatment obtained with combined ozonation-membrane
filtration. Ozonation-filtration resulted in a reduction of 50%
in the dissolved organic carbon (DOC) concentration. It also
resulted in the formation of partially oxidized compounds
from NOM that were less reactive with chlorine, decreasing
the concentration of simulated distribution system total
trihalomethanes (SDS TTHMs) and simulated distribution
system halo acetic acids (SDS HAAs) by up to 80% and 65%,
respectively (12, 15).

Catalytic ozonation has been used to degrade NOM and
other organic compounds in drinking water and wastewater
(16). In the presence of different metal oxide catalysts, such
as iron oxide, manganese oxide, titania, alumina, and zirconia,
ozone degrades organic compounds, including saturated
carboxylic acids, phenols, aromatic hydrocarbons, dyes,
humic substances, and herbicides (17-23). On the basis of
extensive research involving various ozonation methods for
drinking water treatment, catalytic ozonation has been
determined to be one of the best alternatives for the oxidation
of ozone byproducts to carbon dioxide and the reduction in
the chlorine demand (14, 24). Masten and Davies (25)
reported that the presence of reactive soil surfaces catalyzed
the decomposition of ozone and contaminants sorbed on
the soil. Paillard et al. (26) documented that TiO2-catalyzed
ozonation was more efficient than ozone alone for the
degradation of humic acid. Mn(II) is effective for the catalytic
degradation of carboxylic acids that do not react appreciably
with molecular ozone. It is believed that Mn(II) complexes
with these carboxylic acids to form an intermediate byproduct
that is more easily degraded by ozone (27-30). Ma and
Graham (31, 32) confirmed that the degradation of com-
pounds by ozone in the presence of manganese follows a
radical mechanism. Pure alumina, which is often used as a
support material for metal or metal oxide catalysts, was also
found to be an effective catalyst for the degradation of NOM
by ozone (33). Pecchi and Reyes (34) prepared iron oxide
coatings supported on TiO2 and Al2O3 using the sol-gel
method. These coatings catalyzed the degradation of phenol
by ozone.
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This work focuses on the fabrication of ceramic mem-
branes with catalytic properties using a layer-by-layer method
to deposit iron oxide particles on a titania-coated membrane.
We have tested the application of these membranes in a
combined ozonation-ultrafiltration process to remove dis-
infection byproducts and their precursors.

Experimental Section
Membrane Preparation and Characterization. Tubular AZT
(a mixture of alumina, zirconia, and titania) ceramic mem-
branes (clover-leaf design (containing three channels),
CéRAM Inside, TAMI North America, St. Laurent, Québec,
Canada) with nominal molecular weight cutoffs of 15
kilodaltons (kDa) and 5 kDa were used as a support for the
catalytic coatings. The external diameter of each membrane
was 10 mm, and the active membrane length was 8 cm. The
total filtering area of the membrane was approximately 11
cm2, and the membranes can be operated in the pH range
from 0 to 14. The initial permeability of the membranes was
tested using DDI water (12).

The colloidal particles used for coating the membranes
were prepared by Sorum’s method as described by Mulvaney
et al. (35). The procedure used was as follows: double-
deionized water (DDI) water (450 mL) was heated until it
boiled vigorously; then 50 mL of freshly prepared 20 mM
FeCl3 solution was added at a rate of approximately two drops
per second. The sol rapidly turned golden brown and finally
deep red. After all the ferric chloride solution was added, the
suspension was allowed to boil for an additional 5 min; it
was then cooled to room temperature and dialyzed, using
cellulose dialysis tubing with an average flat width of 33 mm
for 48 h against a dilute nitric acid solution having a pH of
3.5.

Transmission electron microscopy (TEM) characterization
was performed using a JEOL 100CX at an accelerating
potential of 100 kV with magnifications ranging from 5000×
to 370 000×. The TEM protocol for the particle characteriza-
tion involved diluting the suspension with DDI water in the
ratio of 1:4. Double-sided sticky tape was attached to a glass
slide (76.2 mm × 25.4 mm × 1 mm), leaving a small section
(approximately 2-3 mm) of the tape hanging off the long
side of the slide. Masking tape was then used to cover the
portion of the double-sided tape, which rested on the glass
slide, leaving the excess double-sided sticky tape uncovered.
Grids (0.25% Formvar and carbon) were placed on the
overhanging double-sided sticky tapes with light tweezer
pressure to ensure that the grids would stick. The suspension
was then placed in a dropwise manner onto the grids, and
the excess suspension was removed by lightly wiping across
the grid with filter paper. The grids were then air-dried in a
dust free environment until TEM analysis. Photomicrographs
were collected using a Megaview III digital camera. The
photomicrographs, which are provided in the Supporting
Information, showed that the average particle diameter was
4-6 nm.

The layer-by-layer technique used to coat the membranes
is based on a protocol described by McKenzie et al. (36) for
coating doped tin oxide electrodes. The membrane was
immersed in the colloidal suspension for 1 min and then
rinsed with DDI water. Then, the membrane was immersed
in an aqueous phytic acid (40 mM) for 1 min and rinsed with
the DDI water. This sequence was repeated the desired
number of times (20 or 40). After coating, the membrane was
either sintered at 500 °C for 60 min or sintered at 900 °C for
30 min. These two temperatures were chosen to produce
membranes on which the iron oxide particles were attached
but not fused to each other (500 °C) or completely sintered
to each other and to the membrane surface (900 °C).

Ozonation/Membrane Filtration. A schematic represen-
tation of the ozonation-membrane system (12, 15) is shown

in the Supporting Information. A stainless steel filter holder,
Teflon tubing, and stainless steel or Teflon joints and valves
were used throughout the system. Other components
included 3.5 L and 1.5 L water-jacked glass reservoirs made
of Pyrex glass and a simple Y inline mixer (Ozone Service,
Burton, BC, Canada). The membranes described above were
used for membrane filtration. A Teflon valve was placed in
the retentate line of the membrane system to create trans-
membrane pressures of 0.2-0.5 bar. Ozone gas was added
into the water stream through a simple Y inline mixer, just
before the aqueous stream entered the membrane module.

To generate ozone, pure oxygen gas (99.999%) from a
pressurized cylinder was dried using a molecular sieve trap
and then fed to the ozone generator (model OZ2PCS, Ozotech
Inc., Yreka, CA). The voltage applied to the ozone generator
was varied to control the gaseous ozone concentration. The
excess gas was vented to the atmosphere after it was passed
through a 2% potassium iodide (KI) solution to destroy any
residual ozone. The water in the 3.5 L reservoir was
maintained at a constant level during the experiments using
a peristaltic pump (Masterflex model 7520-35, Cole-Parmer
Co., Chicago, IL) to transfer the water from a 1.5 L reservoir
into the 3.5 L reservoir. A constant water temperature of 20
°C was maintained using a recirculating water bath. The
experiments were performed with a membrane cross-flow
velocity of 0.6 m/s; the flow was turbulent with a Reynolds
number of approximately 6000.

The operating conditions are shown in Table 1. The
operating conditions were determined based on the previous
experiments with uncoated membranes (12, 15, 41). The
conductivity remained practically unchanged for the duration
of the experiment. The change in conductivity was <0.01
µS/cm.

Permeate samples were collected in bottles covered with
Parafilm and stored in an ice-bath throughout the duration
of the experiment. The first 400 mL of permeate collected
was labeled as P1 and the latter 1000 mL as P2.

Water Source. Experiments were carried out using
samples taken from Lake Lansing (Haslett, MI), which is a
borderline eutrophic lake. The typical characteristics of the
water from Lake Lansing (37) are given in Table S1 in the
Supporting Information. The samples were collected at the
boat ramp at the Lake Lansing Park-South, Haslett, MI in 5
gal polyethylene carboys and stored at 4 °C. The maximum
storage period was 7 days. Water samples were prefiltered
through a 0.45 µm mixed cellulose ester filter (Millipore-HA)
before testing.

Analytical Methods. The absorbance of ozone in the gas
phase was measured at 254 nm with a Milton Roy Genesis-5
spectrophotometer (Milton Roy, Inc., Rochester, NY) using
a 2 mm path length quartz flow-through cell. An extinction
coefficient of 3000 M-1 cm-1 (38) was used to calculate the
ozone concentration.

The ultraviolet (UV) absorbance of the water samples was
measured at a wavelength of 254 nm with a Milton Roy
Genesis-5 spectrophotometer (Milton Roy, Inc., Rochester,
NY) using a 1 cm quartz cell.

DOC was analyzed using an OI Analytical model 1010
analyzer using the UV/persulfate method (39). To ensure
method reliability, standards having TOC concentrations of
2.5, 5, 7, and 10 mg/L (OI Analytical) were run with every set

TABLE 1. Operating Conditions for the Ozone-Membrane
Filtration System

water recirculation rate 2.75 L/min
water temperature 20 °C
ozone gas flow rate 100 mL/min
transmembrane pressure (TMP) 0.5 bar
gaseous ozone concentration 2.5 g/m3

VOL. 39, NO. 19, 2005 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 7657



of samples. Samples were analyzed in triplicate. A blank was
also run with every set of samples.

The concentrations of humic substances in the samples
were measured by adsorption on an XAD-8 resin according
to Standard Method 5510C (39). A 100 mL sample was
acidified with concentrated phosphoric acid to a pH of 2; the
acidified sample was then eluted through a 10 mm diameter
(i.d.) × 15 cm long column at a flow rate of 2 mL/min. The
effluent from the column was collected and then analyzed
for TOC, which represents the nonhumic fraction of the
dissolved organic matter in the water sample. The resin-
packed column was then back eluted with 100 mL of 0.1 N
sodium hydroxide at a flow rate of 2 mL/min. The eluent was
collected and acidified with concentrated phosphoric acid
to a pH less than 4, purged with high-purity helium for 3 min
to remove the inorganic carbon, and analyzed for TOC. The
organic content of the eluent represents the concentration
of humic substances.

Water samples were dosed with a chlorine concentration
that ensured a residual chlorine concentration in the range
of 0.5-mg/L after 48 h of incubation at room temperature,
according to the procedures in Standard Method 2350 (39).
The THM compounds, chloroform (CHCl3), bromodichlo-
romethane (CHBrCl2), dibromochloromethane (CHBr2Cl),
and bromoform (CHBr3), were extracted from the water
samples using hexane and analyzed by gas chromatography
Standard Method 5710 (39). A Perkin-Elmer Autosystem gas
chromatograph (Perkin-Elmer Instruments, Shelton, CT)
equipped with an electron capture detector (ECD), an
autosampler, and a 30 m × 0.25 mm i.d., 1 µm DB-5ms
column (J&W Scientific, Folsom, CA) was used for the analysis.
The oven temperature was ramped from 50-150 °C at a rate
of 10 °C/min. The flow rate of the carrier gas (N2) was 10
mL/min. The injector temperature and detector temperature
were 275 and 350 °C, respectively.

SDS HAAs were produced by chlorination as described
above. The concentrations of monochloroacetic acid (MCAA),
monobromoacetic acid (MBAA), dichloroacetic acid (DCAA),
bromochloroacetic acid (BCAA), trichloroacetic acid (TCAA),
and dibromoacetic acid (DBAA) were determined using US
EPA Method 552.2. A Perkin-Elmer Autosystem gas chro-
matograph (Perkin-Elmer Instruments, Shelton, CT) equipped
with an ECD, an autosampler, and a 30 m × 0.32 mm i.d.,
3 µm DB-1 column (J&W Scientific, Folsom, CA) was used
for the analysis. The oven temperature was programmed to
hold for 15 min at 32 °C, then increased to 75 °C at a rate
of 5 °C/min and held 5 min, then increased to 100 °C at a
rate of 5 °C/min. The carrier flow (N2) was 10 mL/min with
the injector and detector temperatures at 200 and 260 °C,
respectively.

US EPA Method 556 (40) was used to monitor formal-
dehyde, propionaldehyde, glyoxal, methyl glyoxal, acetone,
and 2-butanone, ketomalonic acid, pyruvic acid, and glyoxylic
acid. A Perkin-Elmer Autosystem gas chromatograph (Perkin-
Elmer Instruments, Shelton, CT) equipped with an ECD, an
autosampler, and a 30 m × 0.25 mm i.d., 0.5 µm DB-5ms
column (J&W Scientific, Folsom, CA) was used in the analysis.
The oven temperature was programmed to hold at 1 min at
50 °C, then increased to 220 °C at a rate of 4 °C/min followed
by an increase to 250 °C at a rate of 20 °C/min with a 5 min
hold time. The carrier flow was 1.0 mL/min, and the injector
and detector temperatures were 180 and 300 °C, respectively.

Results and Discussion
Our earlier work showed no significant decrease in the
permeate flux when using ozone at gas-phase concentrations
greater than 2.5 g/m3 (12). Experiments were conducted to
determine the effect of the coating procedure on membrane
permeability. As shown in Figure 1, stable fluxes were
maintained throughout the course of each experiment. The

coating of the membrane had little effect on its permeability,
suggesting that processing did not damage the integrity of
the membrane and that the resistance of the iron oxide
coating is comparatively small.

Figures 2-5 compare the results obtained for the coated
and uncoated membranes. The results for the 15 kDa
membrane are shown in Figures 2 and 3, and Figures 4 and
5 show the results for the 5 kDa membrane. As shown in

FIGURE 1. Permeate flux for different membrane-coating modifica-
tions. Experimental setup: Figure S1 in the Supporting Information.
Operating conditions: Table 1. Membrane size: 5 or 15 kDa. All
values are the average of triplicates within experiments and
duplicate experiments. The values have a maximum standard
deviation of 5%. For the coated membranes the first number in the
legend corresponds to the MWCO of the membrane, the second
number is the number of coatings, and the third number is the
sintering temperature. For example, 15-20-500 is a membrane
with 15 kDa MWCO coated 20 times with the catalyst and sintered
at 500 °C. All values are the average of triplicates within experiments.

FIGURE 2. Water quality results for two different sintering
temperatures. Experimental setup: Figure S1 in the Supporting
Information. Operating conditions: Table 1. Membrane size: 15
kDa. Coating: 20 or 40 coatings. Sintering temperature: 500 or 900
°C. All values are average of triplicates within experiments.
Explanation of the legend is given in the caption of Figure 1.

FIGURE 3. Concentrations of ozonation byproducts in the permeate
for two different sintering temperatures. Experimental setup: Figure
S1 in the Supporting Information. Operating conditions: Table 1.
Membrane size: 15 kDa. Coating: 20 or 40 coatings. Sintering
temperature: 500 or 900 °C. All values are the average of triplicates
within experiments. Explanation of the legend is given in the caption
of Figure 1.
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Figure 2, the permeate fluxes are different for the 15 and 5
kDa MWCO membranes. Thus, due to the different ozone
contact times, a direct comparison of the results for the
membranes with different MWCOs is impossible.

Figures 2 and 4 show that the reduction in the DOC
concentration in the P2 samples is greater for the coated
membranes than for the uncoated membrane. This reduction
in DOC concentrations suggests that the iron oxide coating
catalyzes the degradation of ozone to produce radical species
at the membrane surface, which degrade the NOM. Losses
due to sorption of NOM on the iron oxide coating are expected
to be very small, since the iron oxide coatings are extremely
thin. On the basis of the observed thickness of the coating
(using TEM), the total quantity of iron oxide deposited on
the membrane is estimated to be less than 0.1 µg. The quantity
of DOC removed is >4 mg C. To remove this amount of
NOM via sorption, the sorptive capacity of the iron oxide
would have to be of the order of 4 × 107 g/kg. This figure is
too large to be reasonable, even for nanoparticles, so we
conclude that sorption to the iron oxide particles cannot
explain the enhanced NOM removal seen with the coated
membranes. As with all parameters measured, the results
for NOM removal in the P1 samples follow the same trends
as observed with P2 samples. As such, only the data for P2
samples is presented in the figures. The data for P1 samples
is available in the Supporting Information.

There is a little difference between the coated and
uncoated membranes in the extent to which the absorbance
of the UV-254 absorbing compounds is reduced. In our earlier
work, we showed that the removal of the UV-254 absorbing
compounds is predominately due to the reaction of ozone

with these substances and not due to filtration (15). Together,
these results suggest that the reduction in UV-absorbing
compounds is due to solution phase ozonation rather than
surface catalytic reactions.

Similarly, no statistically significant differences were
observed in the concentrations of the humic substances
found in the permeate after combined treatment of ozona-
tion-membrane filtration using either the coated and
uncoated membranes. Consistent with these results for the
removal of humic substances, the concentrations of non-
humic substances formed were also similar in the permeates
from all membranes studied (see Figures 2 and 4). The
behavior of HS and non-HS in the ozone-membrane
filtration system is discussed in detail in our earlier work,
where we studied the destruction of HS and formation of the
non-HS during ozonation alone, membrane filtration alone,
and in the hybrid process (15). The concentration of HS
remaining in the P2 samples after ozonation-membrane
filtration was less than 50% of that in the raw water. This
reduction is, in part, due to the reaction of NOM with either
ozone or OH radicals, since an increase in the nonhumic
substance (non-HS) concentration after ozonation-filtration
was observed. The increase in non-HS concentration could
only be caused by the conversion of HS to non-HS. Filtration
would not have resulted in such a conversion. This conclusion
is substantiated by results presented by Karnik et al. (15),
which show that the percent removal of HS using ultrafil-
tration was 13% for P2, while 50% of the HS was removed
by ozonation.

The concentrations of non-HS measured in the P2 samples
increased by approximately 20% compared to that in the P1
samples, indicating that the reaction of HS to form non-HS
continued throughout the course of the experiment. If the
humic substances were removed purely by filtration, the
extent of removal would not likely have increased with
ozonation time.

Despite the results for HS, the extent to which the DBPs
precursors were removed was greater with the coated
membranes than with the uncoated membrane (see Figures
2 and 4). The concentrations of TTHMs and HAAs were
reduced by up to 90% and up to 85%, respectively, with
ozonation combined with an iron oxide coated 5 kDa
membrane. The membrane surface coated with iron oxide
appears to catalyze reactions that lead to a reduction in DBPs
and DBP precursors. For the 15 kDa membranes, the
concentrations of aldehydes, ketones, and ketoacids in the
permeate following treatment using the coated membranes
were less than that obtained with the uncoated membrane
(see Figure 3). Ozone may decompose on the active metal
sites of the iron oxide surface, resulting in increased rates of
hydroxyl radical production (31-33), which in turn leads to
a concomitant decrease in the concentration of disinfection
byproducts and their precursors.

To improve the adhesion of the coating to the membrane,
several coated membranes were sintered at 900 °C. The results
for the coated membranes treated at 500 and 900 °C are
compared in Figures 2 to 5. A small decrease in the
concentration of ozonation byproducts was found when the
higher sintering temperature was used. It appears that
sintering at higher temperatures alters the properties of the
ceramic membrane surface, which further enhances its
catalytic properties. Ongoing studies are being conducted
using scanning electron microscopy (SEM) and TEM imaging
of these sintered surfaces along with chemical and phase
analysis of the membrane surface to better understand the
changes that occur during sintering.

As seen in Figures 2-5, increasing the number of coatings
of iron oxide did not result in a significant improvement in
the system performance, except for the ozonation byproducts.
The lowest concentrations of aldehydes, ketones, and ke-

FIGURE 4. Water quality results for two different sintering
temperatures. Experimental setup: Figure S1 in the Supporting
Information. Operating conditions: Table 1. Membrane size: 5 kDa.
Coating: 20 or 40 coatings. Sintering temperature: 500 or 900 °C.
All values are the average of triplicates within experiments.
Explanation of the legend is described in the caption of Figure 1.

FIGURE 5. Concentrations of ozonation byproducts in the permeate
for two different sintering temperatures. Experimental setup: Figure
S1 in the Supporting Information. Operating conditions: Table 1.
Membrane size: 5 kDa. Coating: 20 or 40 coatings. Sintering
temperature: 500 or 900 °C. All values are the average of triplicates
within experiments. Explanation of the legend is described in the
caption of Figure 1.
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toacids were achieved using the membrane that was coated
40 times and sintered at 900 °C. The 5 kDa membrane
performed better than the 15 kDa membrane. A statistical
analysis of the data presented in Figures 2-5 using ANOVA
indicates that at the 95% confidence level, with the exception
of the results for HAAs with a 5 kDa membrane (see Figure
4) and the ozonation byproducts with a 15 kDa membrane
(see Figure 3), there is no statistically significant difference
for the removal of NOM, DBPs, or DBP precursors using the
membranes coated 20 or 40 times.

The US EPA, under the Stage 2 Disinfection/Disinfection
By-Product (D/DBP) Rule, sets standards for maximum DBP
concentrations in drinking water. The maximum contami-
nant levels for TTHMs and HAAs are 80 µg/L and 60 µg/L,
respectively. Catalytic ozonation membrane filtration met
regulatory limits for both contaminants. With the use of a 5
kDa MWCO membrane, coated 20 times and sintered at 900
°C, the concentrations of TTHMs and HAAs after chlorination
were approximately 25-30 µg/L and 20-25 µg/L, respectively.
Even better quality water was achieved using a 5 kDa MWCO
membrane, coated 40 times and sintered at 900 °C. After
chlorination the concentration of TTHMs was approximately
15-20 µg/L and the concentration of HAAs was approximately
7-15 µg/L. These results are especially significant because
these limits are difficult to meet with poor quality waters,
such as those used in this work.

Previous work has demonstrated we can meet the
regulatory requirements for DBPs using a 1 kDa membrane
and a gaseous ozone concentration of 2.5 g/m3 (15).
Comparable results could be obtained using iron oxide coated
5 kDa membranes. As the permeability of the 5 kDa
membrane is 3 times greater than that of the 1 kDa
membrane, a significant decrease in the costs associated
with the process can be achieved using the coated membrane
while still producing high quality water that meets the
pertinent regulatory requirements of the Stage 2 D/DBP Rule.
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